Sharing topology with numerous organic molecules, a wire helix bend into a torus gives a curious object with a gyrotropic behavior which is far from obvious. While a continuous constant current in opposite sections of the torus would create mutually cancelling contributions to its gyrotropic response, an array of tori can show strong circular dichroism linked to the excitation of standing current waves. Here we present the experimental study of optical activity in a chiral toroidal metamaterial and discuss its response in terms of multipole moments, including the elusive toroidal moment. DOI: 10.1103/PhysRevLett.103.093901 PACS numbers: 41.20.Jb, 78.20.Ek Toroidal, doughnut-shaped structures are ubiquitous in nature, appearing on scales which range from the subatomic [1,2] to the astronomical [3] . On the molecular level, the torus shape is preferred by numerous biological and chemical macromolecules, such as DNA condensates [4] , proteins [5, 6] , bacteriophages [7] , and oligosaccharides [8] (see Fig. 1 ). Toroidal symmetries are also encountered frequently in solid-state systems including fullerenes [9, 10] and ferroelectrics [11, 12] . However, the interactions of toroidal structures with electromagnetic radiation are not well understood. Within the framework of classical electrodynamics it has been shown that toroidal currents could be nonradiating [13, 14] while interactions between toroidal currents could allegedly violate Lorentz reciprocity [15] , thus in principle allowing for asymmetric energy and information transfer between biological molecules. Nevertheless, experimental investigations of the electromagnetic response of such structures are rare [16] [17] [18] . In this Letter, we investigate the gyrotropic properties of toroidal media by studying a new chiral metamaterial consisting of toroidal wire windings.
Toroidal, doughnut-shaped structures are ubiquitous in nature, appearing on scales which range from the subatomic [1, 2] to the astronomical [3] . On the molecular level, the torus shape is preferred by numerous biological and chemical macromolecules, such as DNA condensates [4] , proteins [5, 6] , bacteriophages [7] , and oligosaccharides [8] (see Fig. 1 ). Toroidal symmetries are also encountered frequently in solid-state systems including fullerenes [9, 10] and ferroelectrics [11, 12] . However, the interactions of toroidal structures with electromagnetic radiation are not well understood. Within the framework of classical electrodynamics it has been shown that toroidal currents could be nonradiating [13, 14] while interactions between toroidal currents could allegedly violate Lorentz reciprocity [15] , thus in principle allowing for asymmetric energy and information transfer between biological molecules. Nevertheless, experimental investigations of the electromagnetic response of such structures are rare [16] [17] [18] . In this Letter, we investigate the gyrotropic properties of toroidal media by studying a new chiral metamaterial consisting of toroidal wire windings.
In contrast to ''helical'' gyrotropic media, where handedness is usually associated with the direction of a ''twist vector'' following the corkscrew law along a helicity axis, the situation is more complicated when the structure possesses toroidal symmetry [see Fig. 1(c) ]. Here the twist vector rotates along the torus. However, although no helicity axis exists, the structure has two well-defined enantiomeric forms, corresponding to different directions of the winding. We show that the complex geometrical chirality of toroidal windings can lead to strong resonant optical activity that is linked to the excitation of multinodal standing-wave current configurations on the toroid.
Based on the structure of Fig. 1(c) , we manufactured and characterized a microwave metamaterial consisting of an array of toroidal wire windings (see Fig. 2 ), etched from a 35 m-thick copper cladding on both faces of dielectric bars with permittivity ¼ 4:5 À 0:081i and thickness of 3.2 mm. The 0.3 mm-wide wire strips were connected by metal wires linking strips on opposite sides of the slab in order to create a closed toroidal wiring consisting of four full 3:2 Â 3:5 mm rectangular loops. Polarizationsensitive transmission experiments were performed at normal incidence in an anechoic chamber using linearly polarized lens-corrected horn antennas and a vector network analyzer.
Normal incidence [along the y axis of Fig Fig. 3(b) ]. At 4 ¼ 7:5 GHz, both polarization states are rejected, one more strongly than the other, while at the low-and highfrequency resonances, the polarization selective behavior is particularly strong with transmission of the nonrejected polarization remaining above 50%. At the same time, the phase derivative for orthogonal polarizations has opposite signs (not shown here), one corresponding to a forward propagating wave and the other to a backward wave, which is considered to be a manifestation of negative refraction in chiral media [19, 20] .
The nature of these resonances can be elucidated by numerical calculations of field and current distributions induced by the electromagnetic wave in the toroidal wire coils (Fig. 4) . They clearly illustrate the origin of circular dichroism of the metamaterial. . From here one can clearly see that the observed resonances are linked to the excitation of multinodal standing current waves, the form of which is disturbed by the sharp corners of the wire winding that introduce higher harmonics, as well as by the finite width of the wires and by interactions between opposite-facing loops. The spatial variation of the current configuration along the wire winding is determined by the relation between the excitation wavelength and the total wire length. Under a coarse approximation, resonances occur when the total wire length in the metamaterial unit cell is equal to an integer multiple of the excitation wavelength with an even number of nodes. Here the presence of the dielectric also has to be taken into account in the estimation of the effective wavelength. Correspondingly, the subscript numbering resonances 2 ¼ 4:5 GHz, 4 ¼ 7:5 GHz, and 6 ¼ 10 GHz is simply the number of nodes 
frequency regions where electromagnetic excitation induces a multinodal standing current wave on the wire coil with the opposite sections of the torus working in unison ( 2 and 6 ). This means that at any given time the currents in the opposite sections of the coil flow in opposite directions (see sketches of idealized resonant toroidal current distributions in Fig. 5 ). This can be possible only in the high-frequency regime where the toroidal coil wire is much longer than the wavelength. On the contrary, in the lowfrequency limit the induced currents will be in phase all along the wire, and thus the opposite sections of the torus would create mutually cancelling contributions to its gyrotropic response. An excellent agreement between the experimental and numerical results gives a good confidence in our interpretation (see Fig. 3) .
The way through which gyrotropy arises in such a structure becomes even clearer within the framework of multipole theory. In general, circular dichroism arises from the coupling of parallel electric and magnetic dipole moments but can also include a contribution from the electric quadrupole moment [21] [22] [23] . In Fig. 5 , the strength of the first few multipole moments is presented in terms of radiated power [24] under excitation with a linearly polarized plane wave, calculated from the induced currents [24, 25] :
where i; j ¼ x; y; z and J is the current density. The strength of different multipole moments can then be compared in terms of the radiated power [24] . As expected from the relatively large size of the structure compared to the wavelength, the electric dipole moment dominates the response of the system at all frequencies, while all multipole moments resonate together at the 2 ¼ 4:5 GHz and 6 ¼ 10 GHz circular dichroism bands. More concisely, at the low-frequency resonance, the magnetic dipole is much stronger than the electric quadrupole, indicating that the main contribution to chirality comes from the electric dipole-magnetic dipole coupling. A similar situation arises at the high-frequency dichroism band ( 6 ¼ 10 GHz). However, near the weaker 4 ¼ 7:5 GHz resonance, the electric quadrupole presents a pronounced resonance, while the magnetic dipole moment is weaker. The resonant character of the weak dichroism at this resonance indicates electric dipole-electric quadrupole in addition to the electric dipole-magnetic dipole coupling. This behavior arises directly from the symmetry of the structure and the supported currents as illustrated in the inset of Fig. 5 for an idealized toroid which is much smaller than the wavelength. In the ideal case, the mode with n ¼ 2 nodes leads to strong electric and magnetic dipole moments, which have the same direction, while n ¼ 4 corresponds to a dominant quadrupole excitation of the structure, where electric and magnetic dipole moments vanish. In a small ideal toroidal current, this mode is uncoupled to free space and does not interact with external radiation. In practice, however, it is excited due to the finite size of the structure, which also leads to a strong dipole component. On the other hand, the mode with n ¼ 6 results in both strong dipole and quadrupole moments and thus in a more complex response.
In addition to insights in the interplay between chiral and toroidal symmetries, our experiments also provide a unique opportunity to investigate the role of the so-called toroidal moments in such electromagnetic interactions. Introduced by Zel'dovich in 1958 [1] , toroidal moments are intensively discussed in the literature with only a few experiments claiming to having detected them [17, 18] . It has been suggested that the complete multipole expansion requires the inclusion of toroidal moments along with the electric and magnetic ones [26] . While usually these moments can be neglected, this is not true for structures comparable to the wavelength or structures of toroidal symmetry [26] , as the one considered here. Moreover, the toroidal moment is known to result in magnetoelectric coupling [27] , since it enters the multipole expansion in exactly the same way as the electric moments [26] . Therefore one might expect that coupling between toroidal and magnetic moments would lead to optical activity, and the question of a toroidal contribution to the observed FIG. 5 (color online). Radiated power from the different multipole moments of the (numerically simulated) current configuration on the wire windings, normalized to the incident power. Insets: Idealized resonant currents modes on the toroidal solenoid and leading terms of the multipole expansion for current configurations with two, four, and six nodes (from left to right). For n ¼ 2 the leading terms are the electric p and magnetic m dipole moments, while for n ¼ 4, these moments vanish and the electric quadrupole moment Q dominates the response of the structure. In the case n ¼ 6, both dipole and quadrupole moments are present. Dashed vertical lines show positions of gyrotropy resonances. chirality arises. Indeed, the studied structure is topologically suitable for supporting magnetic toroidal moments arising from a ringlike configuration of magnetic dipole moments as shown in Fig. 6(a) , which in turn can be created by a poloidal current. Such a current distribution is supported by a chiral toroidal solenoid in a quasistatic regime: It corresponds to the fundamental current mode with n ¼ 0, for which all electric multipole moments vanish, while strong magnetic dipole m and magnetic toroidal moments are supported [ Fig. 6(b) ]. Here the sign of the magnetic dipole depends on the chirality of the toroid and results from the component of the current directed perpendicular to the plane of the winding's loops; on the contrary, the direction of the toroidal dipole moment is independent of the chirality of the toroid [15, 28] . In order to quantify the toroidal response of the metamaterial, we calculate its induced oscillating toroidal moment by the formula ¼ [24] . At most frequencies the toroidal moment is comparable with the electric quadrupole moment, which suggests that the toroidal contribution to the metamaterial response is in general non-negligible. However, as can be seen from the radiated powers, its contribution in the gyrotropy is at best secondary, since the electric and magnetic dipole/electric quadrupole moments are much stronger at the dichroism resonances. Nevertheless, we expect that a much more pronounced toroidal response can be achieved by approaching a quasistatic regime, where a constant current flows along the toroidal wire winding [28] . Because of the symmetry of the structure, such a current configuration has a much weaker electric dipole moment which could lead to a clear manifestation of polarization effects depending on the magnetic toroidal moment. In summary, torus-shaped molecular structures are widespread in nature; however, specifics of their electromagnetic interactions are not comprehensively understood. We investigated experimentally and numerically polarizationsensitive electromagnetic interactions in artificial toroidal media and reported strong resonant optical activity linked to the excitation of current standing waves in the toroidal coils. A multipole expansion of these current configurations revealed a nonvanishing induced oscillating magnetic toroidal moment. FIG. 6 (color online) . Magnetic toroidal moment. A static poloidal current on a torus creates a ringlike configuration of magnetic dipoles, which in turn leads to a magnetic toroidal dipole moment (a). A constant current flowing along the chiral toroidal coil results in a (magnetic) toroidal and magnetic dipole m moments. The latter depends on the chirality of the coil (b).
